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FINITE ELEMENT SIMULATION OF PZT-AIDED INTERROGATION OF COMPOSITE
LAMINATES EXHIBITING DAMAGE
Amany G.B. Micheal and Yehia A. Bahei-El-Din
Center for Advanced Materials, The British University in Egypt,
El-Shorouk City, Egypt

The methodology is applied to a quasi-isotropic,
symmetric laminated beam subjected to bending. In the finite
element simulation, each fibrous composite ply of the
laminated beam is modelled using shell elements while the
surface mounted PWAS are modeled with 3D solid elements.
The bending moment is applied to the beam intermittently to
allow interrogation of the laminate by applying a transient
electric pulse to the PWAS and allowing the beam to vibrate for
a very short period of time, which is followed by reading the
voltage response. The voltage readings are correlated to the
damage mechanisms in the plies.

ABSTRACT
Piezoelectricity has proved effective in capturing
changes in structures caused by various damage mechanisms.
In one approach, piezoelectric wafer active sensors (PWAS) are
mounted on the surface of the host structure and utilized as
both actuators and sensors to interrogate the structure and
monitor its health. This is achieved by subjecting the PWAS to
a transient electric pulse and reading the resulting voltage.
Changes in the stiffness of the substrate due to structural
damage affect the response of the PWAS, which could be
correlated to integrity of the structure. Applying this technique
to fibrous composite laminates encounters particular challenges
due to the presence of multiple damage mechanisms in one or
more plies. Simulation of the procedure using advanced
computational techniques and material models helps in
understanding the reliability of PWAS in sensing damage in
fibrous laminates.
This paper combines the finite element method and
micromechanical modeling of composites to simulate damage
detection using surface mounted PWAS. The finite element
solution is obtained by the ABAQUS code with user defined
material properties, which reflect the underlying damage
modes. The latter are obtained in a preprocessing exercise in
which the composite laminate is first subjected to a given
mechanical load level and the damage mechanisms in the plies
are identified using transformation field analysis, TFA (BaheiEl-Din el al., 2010). In the present work, the Mori-Tanaka
averaging model is utilized within the TFA and local failure
modes, which are a function of the matrix average stresses were
specified. Material properties of the individual plies, which
correspond to the damage mechanisms introduced at the given
load level are then determined numerically in terms of the
overall moduli and utilized in the finite element solution of the
laminate using ABAQUS.
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phase strain, stress concentration factor
phase strain influence function
electric displacement, field intensity
Young’s modulus, shear modulus
phase stress influence function
elastic stiffness, compliance
bending moments, membrane forces
lamina stress concentration due to forces, moments
lamina stress influence functions

phase r volume fraction
piezoelectric coupling matrix
laminate thickness
permittivity matrix
number of plies
ply thickness
strain, stress
eigenstress, eigenstrain
Poisson's ratio
fiber orientation angle
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Kronecker's Delta
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laminate elastic matrices

In the present work piezoelectric wafer active sensors
(PWAS) are exploited to investigate the state of damage of a
composite substrate in a two-step analysis, which combines
TFA of composite laminates and the finite element method. The
paper begins with a description of the PZT-aided interrogation
strategy for damage in composite laminates and its
implementation using finite elements. This is followed by a
layout of the multiscale TFA model applied to identify the
damage mechanisms initiated under the applied load and define
the overall moduli of individual plies for the finite element
solution. Finally, the PZT-aided, finite element solution strategy
is illustrated on a laminated composite beam with piezoelectric
wafer active sensors (PWAS) bonded to the exterior surface of
the beam, and salient conclusions are offered.

1. INTRODUCTION

Utilizing electrically active fibrous composite
actuators in structural health monitoring and deflection control
has recently received particular attention. Many researchers
proposed replacement of the traditionally used structural health
monitoring systems such as acoustic emission sensors and
conventional transducers made of bulk PZT wafers with
electrically active fiber composites. This is primarily owed to
the fact that the latter are conformable for direct mounting on
curved surfaces even with biaxial curvature. This comparison
can be found in the experimental programs conducted by
Brunner et al. (2005), Diamanti and Soutis (2010), and Katunin
et al. (2015).
Other researchers focused on analytical approaches. In
the work of Shivakumar and Ray (2008) for example, the nonlinear static deflection of a composite plate was controlled by
integrating its top surface with a layer of piezoelectric fiber
reinforced composite. It was shown that if the PZT patch is
actuated with voltage at different values, the plate deflection
can be reduced significantly. Their work included active fibers
with different orientations and substrate layups. In an extension
to this work, Sorangi and Ray (2012) used the same approach
to control the nonlinear vibrations of composite plates by
utilizing damping induced by surface mounted, electrically
active patches. The results are given for different composite
layups including a symmetric cross ply and antisymmetric
angle ply and with different boundary conditions. A thin
viscoelastic layer is modeled to represent adhesion between the
bonded surfaces. Hasan and Muliana (2012) examined failure
and deformation of a cantilever beam using different forms of
electrically active surface mounted patches. They examined
active fiber composites, bulk PZT-5H, and microfiber
composites. More applications can be found in the work
reported by Stojic et al. (2012) and Medeiros et al. (2012).
Embedment of a PZT composite layer in a structure to
act as both an actuator and a sensor is another approach that is
widely used to ensure integrity of the sensors within the
structure. This can be found in the analytical work of Bahei-ElDin and Micheal (2012, 2013) and Qing et al. (2012).
Modelling damage in composite structures within a
health monitoring scheme is on the other hand a more complex
proposition due to the different modes of failure that may occur
and must be realistically modeled. Bahei-El-Din and Botrous
(2003) implemented a transformation field analysis (TFA),
multiscale scheme to study fiber/matrix debonding in
electrically inactive composite laminates. Other multiscale
approaches for damage in composite structures including
electrically active woven composites is found in the work of
Bahei-El-Din (2009), Li et al. (2013) and Valisetty et al.
(2010).

2. PROBLEM STATEMENT AND SOLUTION
STRATEGY

The problem under consideration is that of a fibrous
composite laminate, which is generally unsymmetric with
multiple fiber orientations. Under overall mechanical load,
including membrane forces and bending moments, the laminate
may exhibit in-situ damage within the individual plies when
certain criteria are satisfied by the local stresses. It is of interest
to determine whether damage has initiated and/or progressed
within the laminate using the electromechanical coupling
phenomena of PWAS.
The general solution strategy presented here centers
on applying successive periods of loading to the laminated
beam and AC voltage to surface mounted PZT sensors. The
latter works as both actuator to induce localized vibrations on
the laminated substrate and as sensors to read out the voltage
generated due to mechanical strains. Change in stiffness of the
laminated substrate due to in-situ damage in the individual plies
is signaled by changes in the PZT voltage readings.
Implementation of the solution strategy outlined above
is accomplished with the finite element method using
ABAQUS (ABAQUS, 2012a). The laminated composite is
modeled with shell elements, which reflect orthotropy of the
individual plies. The PWAS are modeled by thin, 3D solid
elements which are fully tied to the exterior surface of the
composite laminate at several locations.
Ideally, the finite element solution strategy described
above must model damage as it evolves during loading of the
fibrous laminate. This is a very involved scheme which is under
development by the authors. To make progress and understand
the capabilities of PWAS to interrogate composite laminates for
in-situ damage, the latter is identified in a preprocessor exercise
for the same composite laminate and applied load to determine
the load level which initiates it. This is achieved by a multiscale
transformation field analysis (TFA), which models damage
progression in fibrous laminates under membrane loads and
bending moments (Bahei-El-Din et al., 2010). Overall elastic
moduli of the damaged ply are then determined and utilized in
the finite element solution. Accordingly, the finite element
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problem solved is that of a composite laminate subjected to a
given mechanical load and the elastic properties of the
individual plies reflect the state of damage, if any, which is
triggered at that load level.
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3.1 Lamina Microscale

Consider a single fibrous composite ply with fiber and
matrix volume fractions c f , c m such that c f  c m  1 .
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3.2 Laminate Macroscale

Consider a laminate of n fibrous composite plies and
total thickness h subjected to membrane forces N and
bending moment M . In analogy with equations (2) and (3),
overall stresses in the individual plies, ˆ i , i  1, n , can be
written in a global (laminate) reference frame as (Bahei-El-Din
et al., 2010);

(2)

where Lr , M r  Lr 1 are elastic stiffness and compliance
matrices, and r , r are transformation, or eign, stresses and
strains.
In analogy, the overall stresses and strains of a ply can be
written as;

  L   ,   M   

r

s  f ,m

r

r
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The phase stresses  r can be written as the sum of the stress
caused by the applied mechanical load and a transformation
stress, which is unrecoverable by unloading, (Dvorak, 1992).
Hence;

 r  Lr  r  r ,  r  M r r  r , r  f , m

r

Here, Drs and Frs are strain and stress influence functions.
They too can be found in closed form for averaging models
(Dvorak and Benveniste, 1992). The concentration factors and
the influence functions follow the identities (Dvorak and
Benveniste, 1992);

Utilizing averaging, micromechanical models (Hill, 1965a,b;
Mori-Tanaka, 1973) the ply overall stress  described in the
material principal axes is written as the volume average of the
fiber and matrix stresses such that;

c 

r

Finally, the average local strains and stresses are found as
superposition of those caused by the mechanical load and those
caused by the transformation fields (Dvorak, 1992);

3. MULTISCALE TFA SCHEME
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Here, Pi , Qi denote stress distribution factors and U ij

where the overall eign-stresses and strains can be written as the
weighted sum of their local counterparts (Bahei-El-Din and
Dvorak, 2000);
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denotes stress transformation influence functions. These
matrices are function of elastic properties of the plies, their
volume fractions, and the laminate layup (Bahei-El-Din et al.,
2010);

(4)

where Ar and Br are phase strain and stress concentration
factors, such that;
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The concentration factors can be found in closed form for
averaging model of fibrous composites.
The overall stiffness and compliance are given in terms of
their phase counterparts by (Hill, 1964);
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4. PWAS COUPLED BEHAVIOR

(14)

In piezoelectric materials the mechanical and electrical
effects are coupled such that under an electric potential E the
material exhibits mechanical stresses and strains, and vice
versa. Let  denotes the mechanical strain and D denotes the
electric displacement. Hence, the latter is caused by the direct
electric effect and the electromechanical effect;

Here L̂ i is stiffness matrix of ply i in the laminate global
coordinate system, t i is ply thickness and z i is offset of ply i
from the mid plane of the laminate. Equilibrium of lamina
forces leads to the following identities (Bahei-El-Din et al.,
2010);
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where κ  is the dielectric or permittivity under constant strain,
and e is the piezoelectric coupling coefficient.
For orthotropic piezoelectric wafers with material
principal axes oriented such that the x1x3-plane coincides with
plane of the wafer and the x2-axis is perpendicular to its plane,
e and κ  take the following form (Bahei-El-Din and Micheal
2012);

The ply eignstresses λˆ j appearing in the third term in eq.
(10) are those given in eq. (4) but expressed in the laminate
global axes.
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3.3 Modeling Damage

The failure criterion considered in this work accounts for
failure of the matrix when its average stresses reaches a certain
failure envelope (Bahei-El-Din, 2009);
f=

1

 u2
3

 u2





2
11

2
23

2
  22
  332   11 22   22 33   33 11  

 
2
31

2
12

  1.0



r f ,m

Frm mA UX  0

0
0

 κ 11 0 0 
0
0

κ
=
,
κ 22 0 
0   

 0 0 κ 33 
0 
e 36 

e 21
e 22
e 23
0
0
0

(20)

5. APPLICATION

(17)

5.1 Geometry and Properties

The strategy outlined above for damage detection in
composite laminates using piezoelectric wafer active sensors
(PWAS) is applied to a glass/epoxy, (0/±45/90)s beam, which is
0.18 m long, 0.005 m wide, and 0.01 m thick, Fig. 1. The beam
is subjected to simple bending as shown. Displacement
boundary conditions are imposed at both ends of the beam to
prevent rigid body motion.
The fiber volume fraction is assumed 0.55, and the fiber
and matrix properties are assumed as listed in Table 1. Two
PWAS patches measuring 0.06x0.005x0.001 m are mounted on
the upper and lower surfaces of the beam at mid-span. The
present work assumes the sensor patches to be fully bonded to
the beam surface, albeit slippage may occur, which will be
considered in future work.

where  u and  u are matrix ultimate normal and shear
stresses, respectively. If the matrix average stresses satisfy eq.
(17), they can no longer be supported and hence are evacuated.
This is achieved by introducing an auxiliary transformation
field to the matrix such that the total stress in the matrix given
by eq. (7) vanishes (Bahei-El-Din et al , 2004). Hence, the
auxiliary transformation stresses, mAUX , are found from;

 m  B m 

(19)

(18)

It is clear from eq. (7) that the auxiliary transformation stresses
found in the failed matrix of a ply affect the stresses in the
other plies of the laminate, which may lead to failure of
additional plies. In this case a new set of auxiliary
transformation fields is found to simultaneously cause the total
stress in the matrix of all failed plies to vanish.

Table 1. Mechanical properties of the fiber and matrix (BaheiEl-Din et al. 2010).
Material
Glass Fiber
DY063 Epoxy

4

E (GPa)



 u (MPa)

 u (MPa)

73

0.21

-

-

3.35

0.35

31.7

46.4
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5.3 Results

Table 2. Mechanical properties of PWAS (ABAQUS, 2012b)
E1=E3
(GPa)

E2
(GPa)

ν12

ν13

60.61

48.31

0.512

0.289

ν23

G12=G23
(GPa)

G13
(GPa)

0.409

23

23.5

In a preprocessing step for interrogation of the laminated
beam of Fig. 1 using the ABAQUS finite element code, the
TFA scheme outlined in Section 3 is utilized to determine the
magnitudes of the bending moment which invoke successive
damage in the individual plies. The TFA results revealed that
the onset of damage occurs in the upper and lower, 0o and +45o
plies at a bending moment of 30 N.m. applied at the ends of the
beam as shown in Fig. 1. Subsequently the damage detection
analysis is performed for the specific damage mode at this
value of the bending moment.

The PWAS patch is treated as an orthotropic material with the
elastic properties shown in Table 2 relative to the reference
frame indicated in Fig. 1. Referring to eq. (20), the
piezoelectric coupling coefficient and the dielectric coefficients
are given by (ABAQUS, 2012b);

PWAS 0.001 thick.

e 21  e 23  274 , e 22  593 , e14  e 36  741 (10-12 m/V)
(21)

11   33  1.505 ,  22  1.301 (10-8 Farad/m)

(0/±45/90)s Laminate

Y

X
WAS 0 0 0 1 h
i k

(0 / ±4
5 / 90
) s La mi nat e

Z

(22)

Accordingly, the poling direction of the PWAS is the thickness
(Y) direction, with zero potential boundary condition assigned
to the contact surface between the substrate and the patches.
Elastic properties of the individual, unidirectional
composite plies are found using the Mori-Tanaka model (Mori
and Tanaka, 1973) and the fiber and matrix properties of Table
1. In the undamaged state, the overall elastic moduli are found
for a fiber volume fraction c f  0.55 as E 1  41.67 GPa,
E 2  E 3  9.768 GPa, G 12  G 13  3.788 GPa, G 23  3.5 GPa,
 12   13  0.265 ,  23  0.25 , where x1 is the fiber axial direction
and x2-x3 is the transverse plane. If failure criterion (17) is
satisfied by the matrix stress averages, the nonzero elastic
modulus is E 1  c f E f  40.15 GPa.

FIG. 1. APPLICATION GEOMETRY AND LOADING

Additionally the analysis is performed while damage is
suppressed for comparison.
In Figs. 2 and 3 potential of the free surface versus time
for the upper PWAS is plotted at the monitoring step where the
electric potential is an active degree of freedom. The potential
ranges from 69 to 70 V for the undamaged state and 90 to 97 V
for the damaged case. This is attributed to the more compliant
behavior of the substrate due to damage. Moreover, as the
PWAS patches are in immediate contact with the damaged 0o
and in close proximity of the damaged +45o ply, it is expected
that the mechanical stresses exerted on the PWAS should
increase. This increases the amplitudes of the electric potential.
The same phenomenon actually occurs in the lower PWAS with
different values due to the opposite sign of the stress at the
lower part of the beam. The stress in the X-direction of the
beam, Fig. 1, is plotted in Figs. 4 and 5. The PWAS stress is
about 330 MPa for the undamaged substrate, and 715 MPa for
damaged substrate.
The central displacement of the beam also increases due
to damage under both mechanical and electrical loads, Figs. 6
and 7. The displacement in Y direction for undamaged substrate
is 3.5x10-3 m at the applied bending moment of 30 N.m. and
increases to 3.65-3.46x10-3 under electric load. In comparison,
the damaged laminate exhibits a central displacement in Y
direction of 5.5x10-3 m under the applied bending moment,
which increases to 5.43-5.5x10-3 m under electric load. It is
clear from Figs. 6 and 7 that vibrations of the beam in the
undamaged state in response to the electric pulse die out with
time, while those the beam with damaged plies continue to
experience increased vibrations due to its reduced stiffness.

5.2 Loading

In the finite element analysis of the laminated beam with
PWAS patches, Fig. 1, to monitor the structural behavior and
signal damage, the beam is first subjected to a bending moment
as a static load while the PWAS patches are under closed
electric circuit. No reaction charge however is expected under
static load.
Next, closed circuit boundary conditions are applied to
both the upper and lower PWAS and an electric signal is
induced in the thickness direction in a step load with an
amplitude of 200 V applied in 0.00265 s while the bending
moment is maintained. This leads to a reaction charge, which is
left to continue for 0.0165 s before the circuit is finally opened
for the next 0.033 s during which the potential on the free
surface of the PWAS is an active degree of freedom and is
readout together with the Y displacement (Fig. 1) at the center
of the beam.

5

Copyright © 2016 by ASME

deteriorating due to damage can be made. While the modeling
methodology presented assumed preset states of damage in the
finite element modeling of this health monitoring technique to
examine its effectiveness, it paves the way to finite element
models which utilize seamlessly multiscale modeling of
damage within the structural interrogation technique.

6. CONCLUSIONS

The PWAS are an effective and conformable tool to
investigate inherent damage in fibrous composite laminated
structures. Correlation between the surface mounted PWAS
electric response and the substrate mechanical properties while

FIG. 2 ELECTRIC POTENTIAL OF THE UPPER PWAS FOR THE UNDAMAGED COMPOSITE
SUBSTRATE DURING OPEN CIRCUIT LOADING CONDITION

FIG. 3 ELECTRIC POTENTIAL OF THE UPPER PWAS FOR THE DAMAGED COMPOSITE
SUBSTRATE DURING OPEN CIRCUIT LOADING CONDITION
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FIG. 4 BEAM STRESS IN X DIRECTION (Pa) AT THE END OF OPEN CIRCUIT LOADING CONDITION FOR CASE
OF UNDAMAGED COMPOSITE SUBSTRATE

FIG. 5 BEAM STRESS IN X DIRECTION (Pa) AT THE END OF OPEN CIRCUIT LOADING CONDITION FOR CASE
OF DAMAGED COMPOSITE SUBSTRATE
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Displacement in Y direction (mm)
Displacement in Y direction (mm)

FIG. 6 BEAM CENTRAL DISPLACEMENT FOR THE UNDAMAGED COMPOSITE SUBSTRATE

FIG. 7 BEAM CENTRAL DISPLACEMENT FOR THE DAMAGED COMPOSITE SUBSTRATE
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